In order to examine the MSK seismic intensity scale as to its suitability to a country like Japan, 106 stations under JMA (Japan Meteorological Agency) observed perceptible earthquakes by the MSK and JMA scales in the same time during four years from 1967 to 1970. Questionaire cards were made for the report of the observation of phenomenal items to determine the MSK intensity whose final determination was done by the authors. The reported shocks were divided into two categories, small shock and large one. Then they were investigated statistically in comparison with the JMA one. It was made clear that the JMA scale is adequate to the lower grades of intensity (1-3 in JMA), but it is rather rough to apply to the higher grades, whereas MSK scale is suitable to the higher grades and not adequate to the lower ones. The formula to estimate the MSK intensity corresponding to the JMA one of lower grade as high as 3 is obtained as M=1.5J+1.5, where M is the MSK intensity and J the JMA one. In the case of a large earthquake the relation between the two scales is approximately given by M= 1.5J+0.75 for MSK 5-8. Each scale has its merits and defects and it is advisable to employ both of them by JMA using the JMA scale for urgent report and the MSK one for minute investigation in field work in the case of a large earthquake.
Introduction
The Intergovernmental
Meeting of UNESCO on Seismology and Earthquake Engineering, Paris, 1964 , acknowledged the importance of elaboration of a unified international scale of intensity and recommended a temporary application of the scale MSK 1964.
In Japan the JMA (Japan Meteorological Agency) scale has been in use for more than 70 years. But it has 8 grades instead of 12 which is characteristic of the MSK scale and other similar ones. Our problem is whether we should newly employ the MSK scale or still keep to the JMA scale.
In order to solve this problem, a project was initiated on June 1, 1967, aiming (The original size of the card is 2.0 times as large as this one).
at a comparative observation of intensities by both scales, in cooperation with 106 weather stations under JMA that are distributed over the entire Japanese islands.
For this purpose questionnaire cards of size 25 x 36 cm2, shown in Fig. 1 , were prepared. Whenever a member on duty at a station feels a shock he should mark those of the events listed in the card that he actually experiences and send it back to MRI (Meteorological Research Institute). One card should cover only one shock.
In 1967 and 1968, all shocks felt at the stations were picked up. But in the following two years, only large earthquakes (M>6.0) that were notified by MRI were observed. The determination of the MSK intensity at each questionnaire card was made by the authors.
Comparison of the MSK and JMA scales
First, we compared the MSK scale with the MM (Modified Mercalli) scale, and found that they are very similar to each other. This is the reason why we assume that RICHTER 'S formula (1958) . concerning the relation between ground acceleration and intensity degree of the MM scale also holds for the MSK scale. Then, it may be written as
where M is the MSK intensity and am the corresponding acceleration in gal. In this formula, M is treated as a real number and its value at the threshold of perceptibility is assumed 3/2.
Next, let us introduce an empirical formula for the relation between the JMA intensities and ground acceleration established by KAWASUMI (1943) ,
where J is the JMA intensity and aj is the corresponding acceleration. J is also assumed as a real number which, at the limit of perceptibility, takes the value of 0.5.
The acceleration at the boundary of perceptibility is 1 gal by RICHTER'S formula and 0.8 gal by KAWASUMI'S. Neglecting the difference between them, we get a relation between M and J thus, M=1. 5 LEO. 75(3) It is questionable to regard this relation as an established one. But, for the sake of convenience, let it be a tentative standard for the comparison of the two scales. Thus, the descriptions defining the grades of the two intensity scales were put side by side following the relation 3. They were found not always in good agreement (Tables  1 and 2) . Further, the relation 3 is described as the line S' in many figures appearing below.
Determination of the MSK intensity
It is a marked characteristic of the 12-unit intensity scale as compared with the 8-unit one that the intensity of an actual shock is determined by a synthesis of the relevant grades under respective items. The items mostly represent objects that are affected by the shock, each of which has a scale consisting of grades which are characterized by different degrees of seismic effects exercised on the objects. Let us call the specified by each grade the "corresponding intensity" and the one checked by the observer the "item intensity". In comparison with the JMA scale which requires instant determination at the time of the shock, the method of synthesis of the item intensities is very important for the MSK scale.
Here three ways of compilation are considered.
1. To take the mean value of the whole item intensities checked in the questionnaire card. Let us call it the total item intensity.
2. To take the mean value of the item intensities of the items which could give the same item intensity as the highest one in the questionnaire card. Let it be called the selected item intensity.
3. To take the highest item intensity. Let it be called the highest item intensity.
The compiled intensity is generally given as a real number with decimal fraction and MSK intensity is got by rounding it.
Generally, there are not many items that neatly fit in with a specified degree of intensity.
If Besides this, there seems to be an important difference between small shocks and large ones in the nature of the ground motion of an earthquake that exerts not a little influence on the determination of intensity scale. Therefore, we investigate the MSK intensities discriminating between large and small shocks. In the former case, a large number of data with a few items and in the latter case, a less number of data with a large number of items, are distinctive features.
Investigation
on small shocks There are 568 reports of questionnaire cards for the period from December 1967 to May 1968. Of these the maximum intensities are 7 in the MSK and 4 in the JMA scale.
The observation number of the JMA intensities is shown in Fig. 2 which decreases with increasing intensity in an almost linear form. At present, as small shocks are under consideration and the stations are not located densely enough, the observed number of each intensities may be considered to be almost in proportion to that of occurrences of shocks with certain corresponding magnitude in Japan.
According to SHEBALIN (1961 ) or BAROSH (1969 , XXII Nos. 3-4 Jo = 1. 5M-3. 5 log h +3. 0(for normal earthquake) (4) where J© is the epicentral intensity in the GEOFIAN scale which is closely similar to the MSK scale, h the depth of the origin in Kin and M the magnitude According to GUTENBERG and RICHTER (1954) log N=a-bM (5) where N is the number of occurrences of shocks and a and b some constants. Then, giving h some average value and assuming lo to be in a certain linear relation with J in the case of small shocks, we may have log N=a' -b'J (6) where a' and b' are other constants.
From Fig. 2 , we can put log N=3. 24-0. 52 J (7) Therefore, if we assume that the number of occurrences decreases exponentially with increasing intensity, Fig. 2 suggests that about 200 shocks of intensity 1 must have been escaped observation.
This phenomenon is more or less expected for a threshold grade such as 1.
On the other hand, the observed number of the MSK intensities determined by the three ways mentioned above are illustrated in Fig. 3 . It shows that the distribution of numbers based upon the total item intensity and the selected item intensity are approximately the same, whereas the distribution based upon the highest item intensity shows a slight preponderance of the higher grade as compared with the other two. But their maximum values occur at the same point, intensity 4. This seems unnatural considering the case of the JMA scale in which the maximum occurs at intensity 1.
The same tendency to decrease with higher grades is also expected of the observed number of the corresponding intensities of each item of the MSK scale. Fig. 4 shows the actual situation We find in it that only the item "indoors" exhibits a tendency that differs largely from the one stated above.
As this item has been marked in 90% of the whole reports, the influence of its irregularity is large. As mentioned before, about 200 shocks that must have escaped observation might be responsible for the smaller number of intensity 2 as compared with 3, whereas a smaller number of intensity 4 than 5 may be due to the ambiguity of the definition of the number of people feeling the shock. These considerations indicate that the division into four grades, i.e. 2 to 5, for the corresponding intensity of this item is too minute to be practical.
This conclusion seems to hold also for the case of the item "outdoors".
In spite of the smaller number of the corresponding intensity 4 of the "indoors", the total number of the MSK intensity 4 is after all the largest of all. This abnormity may have occurred through the rounding of the figure which occurs in averaging the combination of the item intensities 3 and 4 coming from diffeernt items, in other words, by the fact that the number of representative items differs from one MSK intensity to another.
Next, let us consider the relation between the MSK intensities and the mean values of the JMA intensities corresponding to them and the reverse case. They are shown in Fig. 5 . As stated above, the observation number of the MSK intensities show an unnatural distribution, hence, the two kinds of relations mentioned above are not in coincidence with each other. In Fig. 5 , this fact is illustrated for the cases of the total item, the selected item and the highest item intensities separately.
But their forms are not widely different from each other.
In Fig. 6 , the relations similar to Fig. 5 for the items of the MSK scale are shown. The lines in the figure expressing the relationship between the JMA scale and the item "hanging objects", "sleeping people" etc. are seen located within 0.5 degree in the JMA scale from that for the item "indoors". Considering that the number of the observations of the first two items are rather in a natural distribution in the domain of the intensity from 3 to 5, we may express the relation between M and J, as follows : Nt=1. 5 J+1. 5 (M=3-5)
Investigation on large earthquakes
Ten large earthquakes occurred in Japan during this period and 314 reports were collected from them, in which the maximum intensity was 10 in the MSK and 6 in the JMA scale. The number of observations for each grade of the MSK scale is shown in Fig. 7 and that of the JMA scale in Fig. 2 . The most frequently observed intensity in the JMA scale is 3, as against 1 in the case of small shocks. This phenomenon is considered partly due to the elongated shape of the Japanese islands on which the stations are distributed, resulting in the largest area on land for the intensity 3 occurrence.
The most frequent intensity in MSK is found to be 5 independent of the method of its determination.
These two intensities occurring in the different scales satisfy the relation expressed by the formula 3.
The relation of the mean values of the JMA intensities with a specified MSK intensity is shown in Fig. 8 (solid lines) , in which the solid line for the selected item intensity runs most closely to the S line as compared with that for the total item intensity or for the highest item one. In the reverse case, that is, the mean value of the MSK intensities vs. a specified JMA intensity, broken lines express the relation in the same figures. In the case of the total item intensity a similar curve obtained for the small shocks is reproduced in Fig. 8a . It shows a clear disagreement between the two lines especially in the range 4 to 6 in MSK. Fig. 9 shows the relations of the mean values of the JMA intensities with each corresponding intensity of the whole items of the MSK scale. The extent to which the lines expressing the relation differ from the S line may generally coincide with the discrepancies (Table 2 ) between the two scales found in the comparison table arranged by the formula 3. They are also different from those observed in the case of small shocks (Fig. 6b) . Comparing Fig. 6b with Fig. 9 , we see that every line in Fig. 9 comes above the corresponding one in Fig. 6 . For instance, the difference of the two lines of "indoors" increases with increasing intensity, reaching 0.5-1.0 degree in JMA scale at 4-5 in MSK scale. In the case of "fittings" the difference becomes far greater than that of "indoors", attaining to 1.0-2.0 degrees in JMA scale at 4-5 in the MSK scale. The reason for this increasing difference may be found in the predominant period of ground motion which is longer than that of the earthquake of smaller magnitude and easier to move fittings. The descriptive form of the intensity 2 of the JMA scal may be said to consist of two items, "indoors" and "fittings".
When the shock is small the intensity 2 in JMA is apt to be chosen according to the item "indoors", but when the ground motion comes from a large earthquake the item "fittings" may be resorted to, raising the intensity to a higher rank, 3, in spite of the value of "indoors". This may also be considered as one reason for the apparent shifting from 1 to 3 of the maximum frequency intensity in the JMA scale. This fact also explains the disagreement seen in Fig. 8a which exists between the two relation lines for large and small shocks.
The item "indoors" got a checking in 87% of all reports, which was the highest percentage.
This was followed by "hanging objects" (83%), "frightened" (77%), "outdoors" (46% ), and "sleeping people" (43%).
These items are influential in determining the MSK intensities. As seen in Fig.  9 , most lines expressing the relation run far above the S line, whereas the one for the MSK intensities given by the selected item one, which must be the result of composing (a : total item, b selercted item, c: the highest item. Broken lines : JMA intensities, E: the epicenter) them, agree fairly well with the S line as shown in Fig. 8b . This inconsistency may be explained by the larger-number of the items "indoors" and "frightened" as compared with those of other items occurring simultaneously ; the lines expressing the relation for these two items, as shown in Fig. 9 , coincide well with that of the solid line in Fig. 8b . to correspond to that of MSK in the same figure in the relation shown by the broken line in Fig. 8b . The positions of the Roman numerals in the abscissa seem to have been dislocated from regular intervals toward the intensity 5 in the MSK scale, and the number of observations of most of the corresponding intensities seem to increase toward the intensity 5, too. Let us consider the relation between these two phenomena.
Though the item intensities reported for the item "indoors" actually did not exceed 5, and those for "outdoors", 6, there ought to have been shocks which were worth reporting as more than 6. Therefore we must suppose that intensities larger than 5 or 6 were reported as 5 or 6, increasing frequencies for them.
Considering also the fact stated above about the rise of the JMA intensity at the time of a large earthquake, we may conclude that the shifting of the maximum number of observed intensity toward the JMA 3 or the MSK 5 is due to inconsistencies in the descriptive forms of the two intensity scales.
Lastly, as an example of the intensity distribution map drawn according to the MSK scale, let us show that of the Tokachi earthquake, 1968, in Fig. 11 . The three figures in it correspond respectively to the three methods stated above about the determination of the MSK scale.
Resume and conclusion
The following is the résumé of the foregoing discussions and the conclusion arrived at.
(1)
Among the three ways to determine the MSK intensity, that is, (a) to take the mean value of all the item intensities, (b) to take the mean value of the selected item intensities, (c) to take the highest item intensity, (b) is the most adequate one for use.
(2)
The JMA scale is fit for the lower grades of intensity (1-3 in JMA), and rather too rough for the higher grades (5-7 in JMA). The MSK scale is unsuitable to be applied to lower grades (2-5 in MSK).
(3)
The relation between the two scales for small shocks is given by M=1. 5 J+1. 5 (for 3-5 in MSK)
where M is the MSK intensity and J the JMA intensity. It should be noticed that this formula may be applied for evaluatio of M by giving the value of J but not be used for the reverse case.
(4)
The nature of intensities 2 and 3 in the JMA scale changes according to whether the earthquake is a large one or a small one. And the formula in (3) may not be used for a large earthquake.
(5)
In the case of a large earthquake the relation of the two scales is expressed approximately by M=1. 5 .1+0. 75,(for 5-8 in MSK) (6) The items that contributes most in determining the MSK intensity are "indoors" for 2-5 intensities and "frightened"
for 5-8 intensities.
It is not clear for the domain larger than 8 in the present investigation.
Generally speaking, the number of the items should be as small as possible, whereas the number of the corresponding intensities for each item should be as equal as possible, in order to have a more natural distribution in the observation number of the intensities.
(7)
The intensity grade that occurred most frequently is 1 in JMA and 4 in MSK in the case of small shocks, whereas it is 3 and 5 in the case of large earthquakes.
Each of the scales has its merits and defects and it is desirable to employ both of them by JMA. The JMA scale is adequate for an emergency report, and the MSK scales for the field investigation of a destructive earthquake.
Only by comparative observation of the two scales can we detect their merit and defect clearly and propose improvements upon them.
Lastly, it is most important to establish the relation between the intensities of any scale and the absolute values of the elements of ground motion yielded by acceleration seismometer observation.
